The incidence of arthritic diseases is rapidly increasing in most advanced countries. Articular cartilage, which is the most important tissue in the joint, consists of chondrocytes and abundant extracellular matrix, including aggrecan, and shows poor self-repair. We studied the potential of stem cells in mouse subcutaneous adipose tissue as a source of cells to regenerate cartilage tissue. Analysis of adipose-derived stromal vascular fraction culture cells (ADSVFs) using mesenchymal stem cell markers showed that CD90-positive cells accounted for 93.8%, CD105-positive cells for 68.5%, and p75 neurotrophin receptor (p75NTR, CD271)-positive cells for 36.1%. These results indicate that cells positive for mesenchymal stem cell markers are present in ADSVFs. The CD105-positive or -negative cells were isolated from ADSVFs by magnetic cell separation (MACS), and the efficiency of differentiation into chondrocytes was compared with using three methods of pellet method, gel-coating method, and gel-embedding sheet method. Using the CD105-positive cells and the gel-embedding sheet method, aggrecan mRNA was detected about three times higher than pellet and gel-coating methods. The above data suggest that ADSVFs could be differentiated into chondrocyte-like cells in the gel-embedding sheet method and could be useful in regenerative medicine to treat cartilage defects or cartilage degenerative disease. The use of cells sorted by mesenchymal stem cell markers from adipose tissue would gain position in the repair of cartilage tissue.
Articular cartilage is hyaline cartilage consisting of chondrocytes and abundant extracellular matrix (mainly type II collagen and aggrecan).
Blood vessels, nerves, and lymph are absent in cartilage tissues, and the movement of chondrocytes is markedly inhibited by the surrounding nal subcutaneous adipose tissue of ICR mice (4 weeks of age, male, 18-20 g). Briefly, after collagenase treatment, hemolysis, and filtration of adipose tissue, the sample was washed with phosphate-buffered saline (PBS: Sigma, St. Louis, MO) by centrifugation. The cell pellet was cultured in Dulbecco's modified Eagle's medium/ Ham's F12 (DMEM/F12, Sigma) containing 10% fetal bovine serum (FBS, JRH Biosciences, Adelaide, Australia), 2 ng/ml basic fibroblast growth factor (bFGF, Sigma), and 1% penicillin-streptomycin (Sigma) at 37°C in 5% CO 2 . After culture for 24 hours, cells adhered to the culture dish were further cultured as ADSVFs for 6 days. All procedures were approved by the Education and Research Center for Animal Models of Human Diseases of Fujita Health University.
Immunohistological staining of adipose tissue
ICR mouse subcutaneous adipose tissue, including inguinal skin tissue, was excised and rapidly fixed with a rapid tissue fixative (Super Fix KY-500; KURABO, Osaka Japan), which rapidly fixes even adipose and eyeball tissues, and paraffin-embedded sections were prepared using the standard method (Yamamoto et al. 2008) . Sections were reacted with the following primary antibodies of mesenchymal stem cell markers: rat monoclonal CD90 and CD105 (Thy-1 and Endoglin, respectively; eBioscience, Inc., San Diego, CA) antibodies and rabbit polyclonal p75 neurotrophin receptor (p75NTR, CD271; Chemicon International, Inc., Temecula, CA) antibody. After washing with PBS, the sections were reacted with Alexa Fluor ® 488 (Invitrogen Corp., Carlsbad, CA) as the secondary antibody. DAPI (Vectashield H-1200, Vector Laboratories, Burlingame, CA, USA) was used for nuclear staining. The sections were then observed under a microscope (Power BX-51; Olympus, Tokyo, Japan).
Flow cytometric analysis
Cells immediately isolated from adipose tissue or after 7 days culture (ADSVFs) were subjected to cell surface marker analysis using a cell analyzer (fluorescence-activated cell sorting: FACS, FACSCan, BD Biosciences San Jose, CA). The cells were reacted with primary antibodies of CD11b (Integrin-α M), CD29 (Integrin-β1, Chemicon), CD31 (PECAM-1), CD34, CD45 (leukocyte common antigen), CD90, CD105, CD106 (VCAM, Santa Cruz Biotechnology, Inc., Santa Cruz, CA), CD117 (c-Kit), CD133 (Prominin-1) (all were purchased from eBioscience, excluding CD29, extracellular matrix. Thus, the mechanism for healing and self-repair, including cell mobilization and infiltration, is unlikely to occur, even when articular cartilage is impaired or degenerated. To repair articular cartilage injuries, various treatment methods have been attempted, such as a drilling method (Mitchell et al. 1976) , which is a bone marrow stimulation method, a microfracture method (Stedman et al. 2001) , periosteal/ perichondrial transplantation (O'Driscoll et al. 1986) , and mosaic plasty (Matsusue et al. 1993 ), but no method has been established. Regenerative medicine for cartilage tissue repair utilizing cell culture techniques has recently been investigated worldwide: transplantation of cultured autologous chondrocytes (Brittberg et al. 1994; Wakitani et al. 1994; Ochi et al. 2002) , and chondrocytes differentiated from tissues other than cartilage, such as bone marrow, synovial cells, and adipocytes; however, problems remain to be resolved: it requires two separate surgeries for cell sampling and transplantation, and long-term maintenance of the characteristics of differentiated chondrocytes is difficult. For these reasons, repair with complete hyaline cartilage has not yet been confirmed (Benya et al. 1982; Sohn et al. 2002) .
As a basic study on regenerative medicine of cartilage tissue aiming at future clinical applications, we focused on tissue stem cells (mesenchymal stem cells) present in adipose tissue as cell supply sources other than chondrocytes because they have high proliferative ability and the potential to differentiate into various cell types, such as adipocytes, osteoblasts, chondrocytes, myofibroblasts, and nerve cells (Caplan 1991; Pittenger et al. 1999; Yamamoto et al. 2007) . In this study, we isolated adipose-derived stromal vascular fraction culture cells (ADSVFs) using mesenchymal stem cell markers, and investigated the differentiation of highly pure adipose-derived stem cells (ASCs) with no contaminating vascular endothelial cells or fibroblasts into chondrocytes (Halvorsen et al. 2001; Kino-oka et al. 2005; Xu et al. 2007 ).
MATERIAL AND METHODS

Cell isolation and culture of adipose tissue
Cells were isolated from lymph node-excised ingui-CD106), p75NTR (CD271, Chemicon), and Sca-1 (Stem cell antigen-1 /Ly6, R&D Systems, Inc., Minneapolis, MN). After reacting with antibodies at 4°C for 30 minutes, the cells were washed with PBS, followed by a reaction with the secondary antibody, Alexa Fluor ® 488, at 4°C for 30 minutes. After washing with PBS, the cells were analyzed by FACS. These experiments were repeated 3 times.
Cell density in differentiation culture
The initial cell density for differentiation into chondrocytes in culture was investigated. After ADSVFs were cultured for 7 days, cell density was adjusted to 1 × 10 5 , 2 × 10 5 , 5 × 10 5 , and 10 × 10 5 cells/ml. Differentiation into chondrocytes was induced by cell centrifugation and pellet culture (pellet method) in chondrocyte differentiation medium (CA411D250, TOYOBO, Osaka, Japan) for 20 days, and the influence of cell density on differentiation was investigated.
Magnetic cell separation
ADSVFs were labeled with rat anti-CD105 monoclonal antibody, and reacted with microbead-labeled anti-rat IgG antibody (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany). The cells were then separated into CD105-positive or -negative cells by a magnetic-activated cell sorting (MACS, Miltenyi Biotec GmbH) method using a magnetic column.
Cell differentiation into chondrocytes
CD105-positive and -negative cells separated by MACS were adjusted to the cell density of 5 × 10 5 cells/ ml, and subjected to pre-differentiation culture in DMEM/F12 medium containing 10% FBS and 2 ng/ml bFGF for 5 days. Cell density was then adjusted to 2 × 10 5 cells/ml, and the cells were cultured in the presence of 8% FBS and 2 ng/ml bFGF for 2 days, followed by medium change to chondrocyte differentiation medium (CA411D250), and the cells were cultured for 20 days. Control cells were cultured in DMEM/F12 medium containing FBS and bFGF for the same period. In addition to the typical chondrocyte differentiation method, the pellet culture method, involving culture by seeding cells on atelocollagen gel (KOKEN, Tokyo Japan) (gel-coating method), in which chondrocytes proliferate while maintaining their characteristics, and embedding cells in a gel sheet (gel-embedding sheet method) were also performed as alternative culture conditions for differentiation, and total RNA was extracted from cells cultured for 20 days (High Pure RNA Isolation Kit, Roche Diagnostics Corp., Indianapolis, IN). Total RNA was subjected to quantitative real-time RT-PCR (qRT-PCR) (PRISM-7900 HT, Applied Biosystems Inc., Foster City, CA) to measure the expressions of chondrocyte differentiation markers, the Runtrelated gene 2 (Runx2, Mm03003491_m1, ABI) and mature chondrocyte differentiation markers, aggrecan (Mm00545794_m1, ABI), and housekeeping geneencoded glyceraldehyde-3-phosphate dehydrogenase (GAPDH: Mm99999915_g1), for comparison. ADSVFs not separated based on CD105 were cultured in serumsupplemented medium without medium change to differentiation medium for the same period, and the mRNA expression level was regarded as the baseline.
Immunostaining of differentiation cells
After 20-day differentiation into chondrocytes, the cells were fixed with 4% paraformaldehyde at 4°C for 30 minutes. Frozen sections were prepared from cells cultured by the pellet and gel-coating methods using a cryostat (CM3050S Leica Microsystems, Nussloch, Germany), and stained. Cells cultured by the gel-embedded method were stained in the gel. After reacting with anti-aggrecan antibody (Abcan Limited, Cambridgeshire, UK) at 37°C for 1 hour, the preparations were washed 3 times with PBS, reacted with the secondary antibody of Alexa Fluor ® 488 at 37°C for 1 hour, and washed 3 times with PBS followed by nuclear staining with DAPI (Vectashield H-1200).
Statistical Analysis
Data are presented as the means ± S.D. The significance of differences between two groups was evaluated using ANOVA. The p value < 0.05 was considered significant.
RESULTS
Immunostaining of subcutaneous adipose tissue
Mouse adipose tissue from the subcutaneous inguinal region was used. Many CD90 (Fig. 1A) , CD105 (Fig. 1B) , and p75NTR (Fig. 1C) -positive cells were found to be distributed around microblood vessels in the deeper layers of adipose tissue. Positive cells were comparatively small, within a narrow range.
Characterization of ADSVFs
Since lymph nodes present in adipose tissue can be easily distinguished, they were dissected in advance. CD90-positive cells accounted for 49.3%, CD105-positive cells for 47.0%, and p75NTR-positive cells for 23.6% after immediately isolation from adipose tissue, but the rates increased to 93.8%, 68.5%, and 36.1% after 7-day culture (ADSVFs), respectively. In contrast, CD34, known as a hematopoietic stem cell and vascular endothelial precursor cell marker, CD45 as a hematopoietic cell marker, and CD31 as a vascular endothelial cell marker decreased (Table 1) . We increased the positive cell rate of the mesenchymal stem cell marker by adding appropriate serum concentration and growth factor to the culture. From these results, we proved that positive cells of the mesenchymal stem cell marker could be increased even from a small cell count or little tissue.
Cell density at culture differentiation into chondrocyte
The influence of cell density on ADSVF differentiation into chondrocytes was evaluated from the chondrocyte marker of aggrecan by qRT-PCR. The aggrecan mRNA level was less than the detection limit when the initial cell density was 1 × 10 5 cells/ml, but it was detected when the differentiation density was 2 × 10 5 cells/ml or higher. This result proved that cell density was very important for differentiation into chondrocytes.
Separation of CD105-expressing cells
ADSVFs after 7-day culture were analyzed with regard to a mesenchymal stem cell marker, CD105 ( Fig. 2A) . CD105-positive and -negative cells showed an apparent bimodal distribution (Fig. 2B) , and could be separated by MACS using CD105 (Fig. 2C, D) . This result proved that the intended or expected cells were separated using the MACS method the same as with a cell sorter.
Comparing MACS with a cell sorter, all steps of the MACS method could be performed on a clean bench, and did not require expensive research equipment or extensive technology.
Compared with cell differentiation into chondrocytes
CD105-positive or -negative cells separated by MACS were subjected to 20-day differentiation under three culture conditions, in all of which, aggrecan and Runx2 mRNA expression 47.0 ± 1.5 68.5 ± 2.9 CD106 7.2 ± 2.3 0.9 ± 0.7 CD117 1.9 ± 0.1 0.6 ± 0.3 CD133 2.0 ± 0.3 0.4 ± 0.2 p75NTR 23.6 ± 6.8 36.1 ± 5.9 Sca-1 5.8 ± 1.7 94.7 ± 0.5 levels were higher the differentiation cells from CD105-positive cells than CD105-negative cells.
Regarding the culture conditions, aggrecan mRNA of mature chondrocyte differentiation markers was significantly different between CD105-positive and -negative cells cultured by the gel-embedding sheet method (ANOVA). Runx2 mRNA therefore showed higher detection of differentiation cells from CD105-positive cells than CD105-negative cells (ANOVA) (Fig. 3) . We supposed that the gel-embedding sheet method could culture chondrocytes with high cell den- sity from three dimensions, and increased the expression level of aggrecan mRNA. We therefore considered that the gel-embedding sheet method was the most suitable geometrically to regenerative cartilage tissue.
Aggrecan immunostaining of differentiation cells
When cells were differentiated from chondrocytes by pellet (Fig. 4A) , gel-coating (Fig.  4B) , and gel-embedding sheet (Fig. 4C ) methods, aggrecan-positive cells were present in all cultures. The pellet method was used in a defective region, and the gel-coating method showed a different expression level of aggrecan by region. On the other hand, the cells of the gel-embedding sheet method were observed to be spherical, the same as in vivo cartilage tissue.
DISCUSSION
We consider that minimizing invasiveness and increasing the induction efficiency of a small number of cells into chondrocytes are most important in the regeneration of cartilage tissue. For this purpose, ADSVFs isolated and cultured from adipose tissue were sorted using mesenchymal stem cell markers to remove vascular endothelial cells and fibroblasts in ADSVFs (mesenchymal stem cell marker-negative cells). This unique procedure increased the efficiency of inducing differentiation into chondrocytes. To our knowledge, this is the first paper in which mesenchymal stem cell markers were utilized for cell sorting to increase the induction of differentiation into highly pure chondrocytes.
The induction of chondrocyte differentiation from ADSVFs was investigated using various cell densities at culture initiation by the pellet method. The mRNA of a chondrocyte marker, aggrecan, was detected when the initial cell density was 2 × 10 5 cells/ml or higher, but the mRNA level was less than the detection limit when the initial density was 1 × 10 5 cells/ml or lower, showing that cell density at the initiation of induction was important for differentiation into chondrocytes, and 2 × 10 5 cells/ml or higher cell density was necessary for the differentiation of mouse ADSVFs into chondrocytes.
When CD105-positive cells were cultured by the gel-embedding sheet method, the aggrecan mRNA level in differentiated cells was higher than that in cells differentiated by the pellet culture method, suggesting that the isolation of cells from ADSVFs using a mesenchymal stem cell marker, CD105, increased the purity of adipose stem cells (ASCs), which realized the objective of this study: 'increasing differentiation into chondrocytes using a minimum number of cells'. Since CD105 expression was maintained after culture passages (Yoshimura et al. 2006) , it is an attractive marker in this field.
In cultures by the pellet method, small tear drop-like aggregates are formed. Considering the low metabolic activity of cells in the center of aggregates and the difficulty of harvesting aggregates of the size of the cartilage defect in patients, clinical application of the pellet method may be difficult. In this point, the gel-embedding sheet method has many advantages. The present data suggest that this culture method may be more useful for articular cartilage injury in the combination with a cell-supporting system. There have been many discussions about the selection of donor tissue for regenerative medicine. The reasons for selecting adipose tissue in the present study aiming at clinical application are as follows: firstly, ASCs have very high proliferative ability, with potential to differentiate into mesenchymal cells, such as adipocytes, osteoblasts, chondrocytes, and myofibroblasts (Zuk et al. 2001) , similarly to bone marrow-derived mesenchymal stem cells: multipotent adult progenitor cells (MAPCs) (Jiang et al. 2002) , and multipotency transcending the developmental framework, such as differentiation into nerve, vascular endothelial, and liver cells (Strem et al. 2005; Yamamoto et al. 2007 ). Another reason is that patients may easily accept the cell-sampling procedure for ASCs. Generally, adipose tissue accounts for about 20% of the body weight on average, and is considered merely as an energy store. Since patients can easily imagine adipose tissue sampling (adipocytes), compared to sampling bone marrow and synovial cells, and consider the tissue unnecessary, we expect that patients will readily understand and accept the cell-sampling procedure for regenerative medicine of cartilage tissue.
On the other hand, various problems still exist regarding the use of ASCs for the regeneration of cartilage tissue. The previous article reported that ASCs showed poorer osteogenic and chondrogenic potential than MAPCs (Im et al. 2005) . It has also been reported that synovial tissue has greater potential to differentiate into chondrocytes than adipose tissue, suggesting a problem in selecting sampling regions (Sakaguchi et al. 2005; Wickham et al. 2003) . Furthermore, possible carcinogenesis in ASCs in long-term culture (4-5 months) has been reported (Rubio et al. 2005) showing the necessity of reconfirming the safety of these cells.
However, as yet there has been no report in which mesenchymal stem cell markers were sorted, or the induction of differentiation into highly pure chondrocytes was investigated. We are now performing comparative studies with MAPCs to verify these problems. The present data indicated that ADSVFs could be highly differentiated into chondrocytes through cell sorting using mesenchymal stem cell markers and have advantages in regenerative medicine for the treatment of cartilage defects or cartilage degenerative disease.
